We consider the possibility that a neutron may disappear inside the nucleus, which will demonstrate the existence of baryon violating ∆B = 1 interactions. It has recently been proposed that such a process may have an effect on the free neutron decay life time. We evaluate the widths for n → χ and n → χγ, with χ being a light dark matter particle emitted by a loosely bound neutron in various light nuclei. We find that, assuming a mass m χ close to 938 MeV, the obtained width for n → χ in 11 Be is much larger than the corresponding beta decay width. This suggests a severe limit on the possible decay channel of n → χγ for free neutron. 
The theoretical estimate for the neutron lifetime thus obtained [3, 4] is given by τ n = 4908.7(1.9) |V CKM ud| 2 (1 + 3λ 2 ) s
The Particle Data Group (PDG) world average [5] of the parameter λ is −1.2723 ± 0 : 002. Adopting the PDG average V CKM ud = 0.97417 one gets τ n between 875.3 s and 891.2 s within 3σ .
There are two qualitatively different types of direct neutron lifetime measurements: bottle and beam experiments. In the first method, bottle experiments, ultracold neutrons are stored in a container for a time comparable to the neutron lifetime. The remaining neutrons that did not decay are counted and fit to an exponential decay, e −t/τ n , leading to [5] : t n (bottle) = (879.6 ± 0.6)s
Recent measurements using trapping techniques [6, 7] yield a neutron lifetime within 2.0 σ of this average. In the second, beam method, both the number of neutrons N in a beam and the protons resulting from β decays are counted, and the lifetime is obtained from the decay rate,
This yields a considerably longer neutron lifetime; the average from the two beam experiments included in the PDG average [8, 9] is τ n (beam) = (888 ± 2.0)s. The discrepancy between the two results is 4.0σ . This suggests that either one of the measurement methods suffers from an uncontrolled systematic error, or there is a theoretical reason of why the two methods give different results, involving very interesting physics. It is interesting to note that in the beam experiment the life time is longer. In a recent paper [10] the problem with the experimental measurement of neutron decay lifetime has addressed. They noted that, since in the beam experiment the decay is observed by detecting decay protons the lifetime they measure is related to the actual neutron lifetime by
These authors suggest that the discrepancy can be explained by considering an extra channel in the beam experiment, which involves the emission of a dark fermion particle χ, which goes undetected. Then they suggest a model which can give a branching ratio of 1% to this new channel, while the standard channel covers only 99%, thus settling the issue. It is, however, in their treatment necessary for this new particle to be a neutral Dirac like a particle with a mass slightly lighter the neutron. If it were a Majorana particle this mechanism could led in neutron-antineutron oscillations and could be in conflict with the non observation of such oscillations. For a free neutron this cannot occur without the emission of another particle, e.g. a photon to conserve energy momentum, which at the same time provides an interesting experimental signature for the suggested mechanism.
Since the emitted particle is assumed not to carry any baryon number, this scenario is very interesting, since if true, it will demonstrate the existence of baryon number violating ∆B = 1 interactions. This very interesting scenario seems, however, to be excluded from astrophysical data involving neutron stars [11] , [12] , [13] . Such arguments, however, do not apply if there is a Coulomb repulsion between the dark fermions mediated by a dark photon [14] . In any case the neutron star arguments apply only to neutrons bound by gravity and not by strong interactions.
The neutron in the nucleus seems to behave differently, due to the nuclear binding. In certain cases it decays like in the β decay, but the produced proton cannot escape due to nuclear binding, while a daughter nucleus appears with its charge increased by one unit is formed instead. Decays of well-bound nucleons (neutrons) into invisible particles have been searched by measuring γ rays long time ago [15, 16] . In the model considered above the produced dark matter particle χ, interacting very weakly, can escape. In this case energy-momentum can be conserved without the emission of additional particles, like the photon, and the decay width is expected to be much larger.
In this work we will consider the possibility that such a process may occur inside the nucleus:
where χ is the dark matter fermion. Since χ is also supposed to be produced in the decay of the free neutron, it must be lighter than the neutron. In fact to explain the neutron life discrepancy it was necessary to assume [10] its mass must be less than but very close to that of the neutron 939.565:
937.900 MeV < m χ < 938.783 MeV.
where the lower and upper bounds come from the stability of 9 Be and the fact that the decay χ → p + e − +ν e is forbidden, respectively. So one has to search for nuclear systems that the neutron is loosely bound so that process 6 can take place. If m χ takes the lowest value an extra energy of 1.665 MeV is available compared to neutron emission. Such nuclei actually exist. They are known as halo nuclei. They have a very peculiar structure. One or two neutrons are orbiting around the rest of the nucleons along large, by nuclear standards, orbits typically occupying loosely bound orbits in the next harmonic oscillator shell. These are odd mass nuclei, which can decay by neutron emission to typical light mass even "'p-shell"' nuclei. So, in principle, process 6 can occur, if, as in the case considered above, the free neutron can decay to the channel χ. There may be a number of targets with the right binding energy so that even excited states of the final nucleus can be reached. The simultaneous emission of photons is not necessary, but it may occur in 6 for m χ < m n , but it is expected to be suppressed. Good candidates are the halo nuclei 11 Be, 15 C and 19 C. 11 Li may be considered but it has the disadvantage of beta delayed decay to 9 Li+d, suggesting that it is a two neutron halo nucleus.
Before proceeding to the study of the baryon number violating process we will summarize sum facts about the nuclei, which can serve as targets. One good candidate studied experimentally, see, e.g., ref. [17] and references there in, is 11 Be. Its ground state is 1/2 + and the first excited state is 1/2 − , which an unusual ordering from the point of view of the simple shell model. It seems that the 1/2 + is composed of a major component of the form 10 Be g.s ⊗ 2s 1/2 (n) and, possibly, of another one of the type 10 Be2 + ⊗ 1d 5/2 (n). The first can decay into the ground state (g.s.) of 10 Be and the second to the first excited 2 + state at excitation energy of 0.32 MeV.
On the theoretical side the situation is not clear. Variational Model approach [18] and models which vary the single particle energies via vibrational and rotational core couplings reproduce this level inversion in a systematic manner. Common to the success of these models is the inclusion of core excitation. Ab initio No-Core Shell Model calculations [19] have been unable to reproduce this level inversion, though a significant drop in the energy of the 1/2+ state in 11 Be is reported with increasing model space. In all of these models, the wave functions for the 11 Be halo states show a considerable overlap with a valence neutron coupled to an excited 10 Be(2+) core, in addition to the 10 Be(0 + )gs component. Despite decades of study, the extent of this mixing is not well understood, with both structure calculations and the interpretation of experimental results ranging from a few percent to over 50 percent core-excited component.
Experimentally, it is possible to gain quantitative insight into the mixed configuration of a state by studying reactions which provide observables that are sensitive to different components of the nuclear wave function [17] . By comparing the measured differential cross sections to those calculated theoretically, a spectroscopic factor S can be extracted, which reflects in an admittedly model-dependent way the extent to which the studied nuclear state resembles that used in the calculation. Spectroscopic factors reported from numerous direct-reaction studies, including one-neutron transfer [20] [21] [22] [23] , two-neutron transfer [24] , neutron knockout [25] , Coulomb breakup [26] , and re-analysis of the neutron-transfer data [27, 28] , are summarized in Figure 1 of ref. [17] , along with those from theoretical calculations. The average value for both the ground state and the excited 2 + state is around 50%.
The next in importance is 15 C. This has a (1/2) + g.s., presumably of the form 14 C g.s ⊗ 2s 1/2 (n) similar to the case of 11 Be, discussed above.
II. THE FORMALISM A. Neutron bound wave functions
We will consider the neutron as a bound state of three quarks in a color singlet s-state . The orbital part of the form:
The ψ 0s (ξ ) and ψ 0s (η) are bound wave functions dependent on the relative internal variables, which, for simplicity, we will assume to be of the 0s harmonic oscillator type so that one can easily separate out the internal coordinates. Thus
Similarly
The center of mass coordinate is taken to be:
b N is the nucleon size parameter related to the nucleon radius R N via the relation R 2 N = (3/2)b 2 N with x i , i = 1, 2, 3 the quark coordinates. The functions φ (ξ ) and φ (η) are normalized in the usual way. The process derived from the model of [10] is exhibited in Fig. 1 The amplitude associated with this process 
where p i , i = 1, 2, 3 are the quark momenta and q the momentum of the outgoing dark matter particle. The Fourier transform of the amplitude in coordinate space becomes:
.(−2η+R) .
Thus we get:
where the first factor is a color factor. Finally
where
R N is the baryon density at the origin. For a typical value of R N = 0.8 fm we obtain a value of |ψ(0)| 2 = 0.005 GeV 3 . This is a bit smaller than the value of β employed in the free neutron decay, i.e. β = 0.014 GeV 3 obtained recently from lattice computation of proton decay matrix elements [29] . We will adopt the value of b N = 0.5fm to be consistent with the larger value of β = 0.014 GeV 3 . Thus
We find it convenient to indicate the size of the baryon number violating neutron conversion to a dark mater fermion by the dimensionless quantity s =
instead of the dimensionful parameter ε 2 used in [10] . Using the value of (λ q λ χ )/m 2 Φ = 6.7 × 10 −6 TeV −2 , i.e. the one employed in the free nucleon exotic decay to dark matter [10] , we find that both are indeed very small:
Either one can be used in bound as well as in free nucleon decay.
III. EXPRESSION FOR THE DECAY WIDTH
The decay width is given by the expression:
where P A and q are the momenta of the final nucleus and the outgoing dark matter particle χ respectively, with the latter's mass being m χ and its kinetic energy T . ∆ is the difference of the ground state energies of the nuclei involved with the neutron mass separated out and E x the excitation energy of the populated final nuclear state. Finally ME (matrix element) is the invariant amplitude which will be been given in the appendix. Thus
or
The form factors have been obtained analytically in the appendix but we illustrate their behavior in Fig. 2 . We note that in the interesting case for 2s and 1d orbitals, the form factors are suppressed compared to unity at low values of α. The needed nuclear CFP's can be calculated in a shell model treatment or perhaps they can be extracted from other experiments as mentioned earlier.
IV. SOME RESULTS
Let us now assume a nuclear size parameter a N =1.5 fm and a nucleon size parameter of b N = 0.5 fm. Let us also take the value of (λ q λ χ )/m 2 Φ = 6.7 × 10 −6 TeV −2 , i.e. the one employed in the sister free nucleon exotic decay to dark matter [10] . In the special case of halo nuclei considered here ∆ = −B with B > 0 the binding energy of the decaying neutron, i.e. the process can take place so long as B ≤ m n − m χ − E x , where E x is the excitation energy of the A (N-1,Z) system. Then Eq. (16) becomes: 
Let us consider the invisible decay of a loosely-bound neutron in a nucleus. There are several nuclei to be considered as given in Table I . The deuteron and 9 Be are stable isotopes with the half-life much longer than that of the universe. Then their small limits on the widths excludes the n decays to χ with m χ ≤ 937.3 and m χ ≤ 937.9 MeV, respectively [10] . Then the χ mass region is limited in a narrow region of 937.9 MeV ≤ m χ ≤ 939.56 MeV.
We are now in position to estimate the widths in the case of the nuclei of interest. The relevant nuclear parameters are contained in the quantity g and are presented in table I. Regarding the nuclear input in the case of 11 Be we used an average spectroscopic factor A(N − 1, )J f ; j(n); A(N, Z) 2 = 0.5 both for transitions to the ground state as well the 0.38 MeV excited state [17] . In other words we assume that the 11 Be state is composed of two equal parts of the form 0 + (N − 1, Z) ⊗ 2s 1/2 (n) and 2 + (N − 1, Z) ⊗ 1d 5/2 (n). The first will lead to the ground state, while the second to the excited 2 + state. For the other nuclei a value of 0.88 was employed. The obtained results for a dark mater particle mass of 937.9 MeV are shown in Table I . The suppression of the transition to the 2 + excited state of 10 Be is due to the suppression of the d-wave form factor.
The decay half-life of 11 Be is measured to be 13.81 ±0.08s by counting the decay particle as a function of the time [30] . The width is 3.3 × 10 −17 eV, which is much shorter than the evaluated width given by (17) , unless the DM mass is very close to m n − B n , as shown in Fig. 3 .
Thus the decay to the DM with m χ ≤ 939.06 MeV is excluded. Note that this limit is very insensitive to the nuclear structure coefficient g given in Eq. (17) . The lighter χ with m χ ≤ 937.9 MeV is excluded by the long-lived 9 Be [10] . On the other hand the heavier DM with m χ ≥ 938.78 MeV is excluded since the decay of χ → p + e − +ν e is forbidden [10] .
Thus the decay of the bound neutron is excluded, and thus the suggested decay of the free neutron to χ + γ is not likely. Note that χ is assumed not to decay to p + e − +ν e [10] and thus, if we allow unstable χ, the mass region of 939.565-939.06 is not excluded.
The measured width of 1. however, estimated in the appendix the branching ratio for such a process. It can be cast in the simple form:
For the most interesting case of s-state neutron we obtain:
The width for the radiative free neutron decay is given [10] by:
8 where ε = 9.38 × 10 −14 GeV. Here α is the fine structure constant, not to be confused with that of Eq. (18) . Then one obtains:
which almost the same with the 7 × 10 −27 MeV estimated in ref. [10] to fit the free neutron life time. We thus see that the radiative width for a bound neutron is of the same order with that estimated for a free neutron.
V. DISCUSSION AND REMARKS
From our estimates in table I it appears that the expected widths for baryon number violating neutron decay to a dark matter particle inside the nucleus are much larger than that expected in the case of the free neutron [10] , provided that its mass is around 938 MeV. Widths such as those produced here seem to be detectable in future nuclear physics experiments. The spontaneous production of a low energy photon, which is not required here, but could offer a good experimental signature. It is, however, expected to be of the same order as that estimated in the case of a free neutron and, thus, quite hard to detect.
It is finally remarked that the experimental width for 11 Be is smaller by an order of magnitude than that evaluated for n → χ with m χ ≤ 939 MeV in 11 Be, and thus the free neutron decay of n → χγ with m χ = 937.90 Mev -938.78 of ref. [10] can hardly be the major channel to account for the neutron lifetime discrepancy between the "'bottle"' and "'beam"' experiments.
[ 
VI. APPENDIX EVALUATION OF THE NUCLEAR MATRIX ELEMENT
We need the structire of the initial A(N, Z) nucleus and the structure of the A (N − 1, Z) which separates out the interacting neutron indicated by the quantum numbers n r ℓ j and essentially gives the overlap involving the non interacting nucleons or spectroscopic factor. This can be obtained by a nuclear structure calculation or in some cases extracted from experiment in reaction involving a knock out neutron. Then the matrix element involved is: ME = κ scale A(N − 1, )J f ; j(n); A(N, Z) J f M i − m jm|J i M i me (23) where me will be defined below.
A. The elementary transition matrix element
Let us suppose that the decaying nucleon is in a shell model state n r ℓ jm(R) state and the outgoing dark mater particle is an spin state m s . We must first evaluate the me me = n r ℓ jm|e a N is the nuclear harmonic oscillator parameter and
(dimensionless "'form factor"'). 
